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Pre-Anneal Post-Anneal
Figure 4.8 Infrared Images Of Wafer 1 Bonded To Wafer 2.
The contacted wafers are annealed at a high temperature to strengthen the bond.
The high temperature anneal process consisted of the following. The wafers are placed into
a 6 inch diameter oxidation tube idling at 600 C with nitrogen flowing at 4 liters/min. The
furnace is ramped from 600 C to 1000 C at a relatively slow ramp rate, typically 5 C/min
with the nitrogen flow unchanged. Once the 1000 C temperature is reached, the
temperature is maintained for approximately one hour. During this time the nitrogen flow
is unchanged at 4 liters/min. Alternatively, we have used pure 02 during the anneal
without any difference in the results. After the one hour high temperature anneal, the
furnace tube is slowly ramped down from 1000 C to 600 C at 5 C/min (or slower) in
nitrogen at a flow rate of 4 liters/min. The wafers are removed once the furnace reaches
600 C. The slow ramp rate down is especially important because it reduces the built-in
stresses between the bonded layers that can result from nonuniform cooling.
After the thermal anneal to complete the bonding, the wafers are inspected once
again on the infrared inspection system and then sent to an outside wafer polishing service
company. The bonded layer is lapped and polished to a resultant thickness of 100 J.lm.
The exact polishing process is described in detail in Section 4.2.5.7.
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Wafer 3
Wafer 2
Wafer 1
Figure 4.10 After Bonding Wafer 3 To Wafer 1 and Wafer 2.
Pre-Anneal Post-Anneal
Figure 4.11 Infrared In1ages After Bonding Wafer 3 To Wafer 1 and Wafer 2.
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patterned (mask 6) onto the glass fornling twelves rings having an inner diameter of 2.70
mm and an outer diameter of 3.70 01ffi. After the metal is patterned by lift-off, the glass is
Figure 4.14 SEM of Microvalve Cut In Half.
Figure 4.15 SEM Close-Up of Microvalve Cut In Half.
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Figure 4.19 Photograph of Packaged Microvalve.
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Figure 4.22 SEM of Void Caused by Oxide Ridge.
Figure 4.23 Profilometer Scan Of Trench Edge After Oxide Ridge Removal.
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Figure 4.25 Using Infrared Inspection To Detect Voids.
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Figure 4.30 WYCO Surface Protilometer Scan of Epitaxial Layer Grown on p++ Layer
Having Large Number of Dislocations.
Another problem with thick p++ etch stop layers is the dopant induced wafer
curvature. The tensile stress in the boron doped layer can cause the wafer to bow so much
that the wafer will not bond to a flat wafer surface. In some cases, the boron doped wafer
can actually assume a saddle-like mode shape.
Experience has shown that an epitaxial p++ layer 1 to 2 ~m thick having a peak
concentration of 1 to 2 E 1020 cnr3 does not result in a significant number of dislocations
in either the p++ layer or the top most lightly doped epi layer.
The epi-wafer is bonded to the first valve wafer as before. Figure 4.31 shows
typical infrared inspection images of the bond quality when using epi-wafers. As can be
seen, the bond quality is slightly worse than in the case where the second wafer has no
buried etchstop, but that the bonding is satisfactory to fabricate devices. Since the p++
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layer was so thin and the peak boron concentration was not exceedingly high, the high
temperature anneal was performed at 800 C for 20 minutes. No delamination effects were
ever observed in wafers annealed at these lower temperatures.
The bonded wafer is n1echanically thinned to a resultant thickness of 100 ~m. As
before, a 1 ~m thick LTO layer is deposited and patterned and the underlying silicon is
etched in 20 % KOH at 56 C. The wafer is etched in KOH until the annular plate is
approximately 25 ~m thick. The wafer is then removed from the KOH etchant and placed
in a CsOH etching solution at 60 % concentration and a temperature of 60 C. The CsOH
was found to have much higher selectivity than KOH. When the etching ceases, the wafer
is removed and the process continues as outlined above. The p++ layer can be removed
in a selective etchant such as 8:3: 1, Acetic Acid:Nitric Acid:Hydrofluoric Acid, which
selectivity removes the p++ layer. Because a brown filn1 comn10nly forms on the etched
surface, an immersion of the wafers in a polishing etch consisting of 97:3; Nitric Acid:
Hydrofluoric Acid is usually perfom1ed.
Figure 4.31 Infrared Image of Wafer I Bonded to Wafer 2. Wafer 2 has a Buried
Etchstop Layer.
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Cavity With Unknown Residual
Gas Pressure
Cavity Depth = h
Bonded Layer After
Electrochemical Etchback
Figure 5.14
Figure 5.15
Structure Used to Determine Residual Gas Pressure Inside Cavity.
SEM to Determine Thickness of Electrochemically Etched Layer.
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Argon Laser
Chlorine Gas
Stainless Steel Chamber
Figure 5.20
Mirror
Mirror
I
Laser Beam
\
Glass Cover Plate galvo
Sample
Laser Machining Set-Up.
Figure 5.21 Laser Etched Hole Close-Up.
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Figure 5.22 Photograph of Capping Layer Before Laser Etch.
Figure 5.23 Photograph of Capping Layer After Laser Etch.
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bottom electrode by an air gap (Figure 5.29). The fabrication and a detailed discussion of
how the pressure switch functions will be presented in the next chapter (Chapter 6). In this
device, it is desirable to have knowledge not only of the residual pressure inside the cavity
Figure 5.28 SEM of Plastically Deformed Capping Layer.
(Dimensions are: Cavity Depth 10 ~m; Cavity Radius 1.8mm; and Capping Layer Thickness 75 ~m)
and the onset temperature of plastic deformation, but also the resultant height of the capping
layer after high temperature exposure in order to predict the device behavior (See Section
5.4).
Plastically Deformed Capping Layer
Figure 5.29
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Threshold Pressure Switch.








strongly on the height of the shell, an analytical model that depends on the processing
conditions, geometry and dimensions of the structure to predict the amount of plastic
deformation is needed. This is the topic of the present section.
5.4.1 Theory for Predicting Amount of Plastic Deformation in Thin Capping
Layers of Silicon Over Sealed Cavities.
For the purposes of modelling we assume that the structure is exposed to a
temperature sufficient to cause plastic deformation. This assumption can be verified by the
method described in Section 5.3. We also assume that the cavity is circular and the
circular-shaped capping layer over the cavity deforms into a spherical mode shape. This
assumption is a very good as evidenced by the contour plot of a plastically deformed
capping layer over a circular cavity shown in Figure 5.35.
Figure 5.35 3-Dimensional Contour Plot of a Plastically-Deformed Capping Layer of
Silicon Using a WYKO Corporation Tapa-3D Interferometer [73].
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Figure 6.17 Infrared Image of Pressure Switch Bonded Wafer Pair (Pre-anneal).
Figure 6.18 Infrared Image of Pressure Switch Bonded Wafer Pair (Post-anneal).
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Figure 6.28 SEM of Part of Pressure Switch Die.
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Micrometer
O-Ring
Vacuum Line
Figure 6.29 Measurement Set-Up to Measure Heights of Top Electrooes.
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With both the pressure switch and the electrical switch closed, the pressure inside
the chamber was slowly decreased. After a slight change in pressure, the electrical switch
was opened and the voltage across the resistor measured to determine the state of the
pressure switch. When the pressure is sufficiently low, the capping layer snaps into its
open position and electric current ceases to flow through the resistor. The voltage across
the 1 K resistor would change from a measurable value back to near zero. A common
characteristic of all of the devices tested was that the capping layer snapped downwards
abruptly, but snapped upwards in stages with the last snapping upwards being the most
noticeable.
Figure 6.35 Photograph of Electrical Set-Up For Pressure Switch.
The performance characteristics of a typical device, shown in Figure 6.36,
demonstrates buckling threshold of 13 psi absolute and a switch mechanical hysteresis of 2
psi. The measured electrical closing and opening pressures for the device shown in Figure
6.38 were correlated to visual measurements of the closing and opening pressures. The
pressure switch shown in Figure 6.38 has a radius of 0.5 mm, a cavity depth of 2 J.lm, and
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Figure 7.6 Photograph of Pneumatically-Actuated Microvalve Test System.
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objective. After electrostatic actuation, the microvalve parts were dies awed in half and the
thickness of the annular plate supporting the microvalve plunger was measured using a
SEM.
Microscope on Probe Station
Probe to Bottom
Layer of Microvalve
~ Microvalve
[~~~~~~lt~~~~~~j~~~~~~~~~~~~j~~~~1~~~~1~~1~1~~11~~~~j~~\[~
- Terminal
Power Supply
Probe to Top
Layer of Microvalve
+ Terminal
Figure 7.34 Electrostatic "Pull-In" Test Set-Up.
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bellows cavity and typically has a larger radius ranging from 3 to 6 mm. The depth of both
cavities varies from 5 to 10 J.1m.
Figure 8.12 Positioning of Bellows On Backside of Handle Wafer to Conserve Area.
Silicon Dioxide
Square Window in Oxide
Wafer 1
Figure 8.13 After Etching Square Window in Oxide on Backside of Handle Wafer.
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The backside of the BESOI wafer bonded to the front side on the first wafer is
lapped and polished to a mirror smooth finish with a resultant thickness of 120 11m(Figure
8.21). After polishing a 111m thick CVD low temperature oxide (LTO) layer is deposited.
Boron Etchstop ~
Boron Etchstop
BESOI Wafer 1
BESOI Wafer 2
10 to 20 11mThick Lightly
Doped Epitaxial Layer
Wafer 1
5 to 10 11mThick Lightly
Doped Epitaxial Layer
Figure 8.18 After Bonding the Two BESOI Wafers to Wafer 1.
Figure 8.19 Infrared Image of Bonded Wafers Before High Temperature Anneal.
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Figure 8.20 Infrared Image of Bonded Wafers After High Temperature Anneal.
Boron Etchstop
Boron Etchstop
BESOI Wafer 1
BESOI Wafer 2
10 to 20 J.lmThick Lightly
Doped Epitaxial Layer
Wafer 1
5 to 10 Jlm Thick Lightly
Doped Epitaxial Layer
Figure 8.21 Composite Bonded Structure After Polishing BESOI Wafer 1 Backside.
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Figure A.2 Moments and Shearing Forces on Plate.
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AIwendix B. General Theory of Pure Bending of Plates.
Consider the rectangular plate shown in Figure B.1 under the action of bending
moments that are uniformly distributed along the edges of the plate. The x-y plane is taken
to coincide with the middle plane of the plate before deflection and the x and y axes along
the edges of the plate. The deflection of the plate is in the z-direction which is taken as
positive downward. Mx is the bending moment per unit length acting on the edges parallel
to the y axis and My is the bending moment per unit length acting on the edges parallel to
the x axis. The moments are considered positive, as shown in Figure B.1, wherein
compr~ssive stresses are introduced in the upper half of the plate and tensile stresses in the
lower half of the plate. The thickness of the plate, denoted by t, is assumed to be small
compared to the other plate dimensions.
My
y
z
My
x
Figure B.1 Rectangular Plate Bent by Moments Distributed About Edge.
Consider an element of the plate cut out by planes parallel to the xz and yz planes,
as shown in Figure B.2. We assume that during bending that the lateral sides of the
element remain plane and rotate about the neutral axes nn so as to remain normal to the
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